An expression system of recombinant myoglobins (Mb) of 3 scombridae fish species was constructed. The stability of these Mbs was compared with native Mbs purified from slow skeletal muscle. The addition of hemin during the cultivation of an Escherichia coli strain harboring a pGEX-2T expression vector was found to be necessary to prevent recombinant Mb from degrading and to attain its proper folding. The stabilities of recombinant Mbs were generally lower than those of native Mbs, partly due to the absence of posttranslational modification. The -Helical content of bullet tuna recombinant Mb at 10 C was the lowest (29.0%) among the recombinant Mbs examined (the values for bluefin tuna and bigeye tuna Mbs being 34.8 and 35.5%, respectively). On the other hand, the stabilities of recombinant Mbs of bluefin tuna and bigeye tuna against denaturants (urea and guanidine hydrochloride) were found to be similar, whereas bullet tuna recombinant Mb exhibited the lowest stability among these Mbs. The pattern of temperature-dependent decrease in the -helical content supported these results.
As revealed by X-ray diffraction of sperm whale Physeter macrocephalus myoglobin (Mb), 1, 2) this hemoprotein is a globular protein whose backbone consists of eight -helical segments designated, A, B, C, D, E, F, G, and H from the N-terminus. The color of Mb changes depending on the degree of oxidation of heme from a ferric to a ferrous form (metMb), and thus accumulation of metMb causes color darkening (browning) of Mb-rich meat. It has been reported that metMb is more susceptible to denaturation than the other forms, and darkening of tuna meat through freezing and thawing proceeds faster than in unfrozen meat. 3, 4) Moreover, the involvement of Mb in the initiation of lipid peroxidation as a catalyst for the production of superoxide radicals has been reported. [5] [6] [7] Elucidation of the relationship between the stability and structure of Mb is important to prevent discoloration and lipid peroxidation, which critically deteriorates the commercial values of Mb-rich muscle food.
Fish Mbs are quite unstable compared with their counterparts in higher vertebrates, and are subject to autoxidation and aggregation. 6, [8] [9] [10] The structure of yellowfin tuna Thunnus albacares Mb is quite similar to that of sperm whale, 8, 9) though the tuna Mb lacks D helix. 9) Chow 11) investigated the effects of pH on the stability against guanidine hydrochloride (GdnHCl) and autoxidation rate for scombridae fish Mbs, and found that lower stability was in good accordance with a higher autoxidation rate. Other studies have also shown that differences in stability exist among those Mbs as observed with thermal denaturation profile and autoxidation rate. 8, [12] [13] [14] Because scombridae fish have a high amount of Mb, changes in Mb coloration directly affect deterioration in meat quality. [15] [16] [17] In our previous reports, 18, 19) it was concluded that amino acid sequence identities are very high among Mbs from scombridae fish (bluefin tuna Thunnus thynnus, bigeye tuna Thunnus obesus, yellowfin tuna, skipjack Katsuwonus pelamis, and bullet tuna Auxis rochei). However, stability differences among those Mbs were recognized in such parameters as melting temperature (T m ) measured by differential scanning calorimetry (DSC), and the temperature dependency of -helical contents measured by circular dichroism (CD). These differences are thought to be caused by slight substitutions of amino acid residues. Hence, substitution studies using mutant Mbs are essential for identification of the amino acid residue responsible for the structural stability of Mb.
The expression systems of sperm whale 20) and human Homo sapiens 21) Mbs have been established since 1980s. Many studies using sperm whale recombinant Mb have been vigorously performed. [22] [23] [24] Recently, recombinant , free energy stability of protein in the absence of denaturant; GdnHCl, guanidine hydrochloride; GST, glutathione S-transferase; IPTG, isopropyl -D-thiogalactoside; MALDI-TOF, matrix-assisted laser desorption/ionization-time of flight; Mb, myoglobin; PCR, polymerase chain reaction; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; ½ 222 , ellipticity at 222 nm; T m , melting temperature expression of house mouse Mus musculus Mb has been attempted, 25) while stability of the intermediate state of sea hare Aplysia limacina Mb has been reported. 26) However, the recombinants of fish Mb have not been elaborated to date. In the present study, the expression system of scombridae fish (bluefin tuna, bigeye tuna, and bullet tuna) Mbs as a glutathione S-transferase (GST) fusion protein was established for the first time. Furthermore, the structural stabilities of recombinant Mbs thus prepared were investigated for temperature dependency of the -helical contents and for the effects of denaturant concentration on Soret band absorbance, in comparison with those of native Mbs purified from the respective slow skeletal (dark) muscle. This is the first report on the recombinant Mb of fish.
Materials and Methods
Materials. Fresh specimens of bigeye tuna and bluefin tuna were purchased in Tokyo Metropolitan Central Wholesale Market (Tsukiji, Tokyo). Bullet tuna was kindly provided from Dr. Seiji Akimoto of Kanagawa Prefectural Fisheries Research Institute, Japan. The samples were stored at À80 C until used. Subsequent procedures were performed at 0-4 C unless otherwise stated.
Construction of expression vector. Polymerase chain reaction (PCR) was initiated by adding 1 mg of firststrand cDNA prepared in the previous study 18) as a template to 20 ml of the reaction mixture, containing 2 ml of 10 Â pfu buffer (Stratagene, La Jolla, CA, U.S.A.), 200 mM dNTP mixture, 10 pmol of the respective 5 0 primers KuMeEx-F and MaEx-F (Table 1) with the recognition site of thrombin in the upstream region, 10 pmol of the respective 3 0 primers KuEx-R, MeEx-R, and MaEx-R (Table 1) , and 0.1 U of cloned pfu DNA polymerase (Stratagene). PCR consisted of initiating denaturation step at 94 C for 3 min, followed by 30 cycles of denaturation at 94 C for 30 s, annealing at 58 C for 30 s, and extension at 72 C for 30 s. The final extension step was performed at 72 C for 5 min. The PCR products were digested with BamHI and SmaI, and were subcloned into the expression vector pGEX-2T (Amersham Biosciences, Piscataway, NJ, U.S.A.) using DNA Ligation Kit Ver. 2 (Takara, Otsu, Japan) according to the manufacturer's protocol. The plasmid DNA was purified with a Quantum Prep Plasmid Miniprep Kit (Bio-Rad Laboratories, Hercules, CA, U.S.A.) according to the manufacturer's protocol. A schematic diagram of the expression vector used is shown in Fig. 1 . Nucleotides were sequenced with an ABI PRISM 3100 DNA sequencer (Applied Biosystems, Foster City, CA, U.S.A.) using BigDye Terminator Cycle Sequencing Kit Version 3 (Applied Biosystems).
Expression and purification of recombinant Mb. After Escherichia coli BL21 (DE3) pLysS (Novagen, San Diego, CA) was transformed by the pGEX-2T vector (Amersham), expression of recombinant Mb was carried out as follows: An E. coli strain harboring recombinant Mb plasmid was cultured in 1 liter of Luria-Bertani (LB) medium containing 50 mg/ml ampicillin at 30 C for 3 h until OD 600 reached approximately 0.5. Subsequently, 20 mg of hemin (Sigma-Aldrich, St. Louis, MO) was added, and expression was induced with 1 mM isopropyl--D-thiogalactopyranoside (IPTG) for 6 h. After centrifugation at 3000 Â g for 15 min at 4 C, the precipitate was sonicated on ice in 50 mM Tris-HCl (pH 8.0) containing 150 mM NaCl, 1 mM EDTA, and 1 mM dithiothreitol. After the addition of 10% (w/v) Triton X-100, the sonicate was subjected to ultracentrifugation at 12;000 Â g for 30 min at 4 C. The supernatant, after the expression of GST fusion protein was checked, was filtered through a 0.45 mm nitrocellulose membrane (Millipore, Billerica, MA). The filtrate was purified with a GSTrap column (Amersham) as follows: The soluble fraction was absorbed to a GSTrap column equilibrated with PBS (10 mM NaHPO 4 , 1.8 mM KH 2 PO 4 , 140 mM NaCl, and 2.7 mM KCl, pH 7.3) and washed with 4 column volumes of this buffer to remove the unabsorbed fraction. Then, GST fusion protein was eluted with 50 mM Tris-HCl (pH 8.0) containing 10 mM reduced glutathione. The fusion protein was digested with 10 units/mg thrombin (Amersham) for 10 h at 25 C. To remove GST, the digest was treated with a GSTrap column again. Finally, thrombin was removed by a batch method using a Benzamidine Sepharose 6B column (Amersham) as follows: The GST-removed digest was applied to the column equilibrated with Naphosphate (pH 8.0) containing 0.5 M NaCl, and was incubated for 30 min at room temperature. Centrifugation was performed at 500 Â g for 5 min, and the purified recombinant Mb was recovered in the supernatant.
To induce proper folding of holo Mb, the remainder of apo Mb was further treated with hemin as follows: Apo Mb was incubated with hemin at a molar ratio of Mb:hemin = 1:2 at 4 C for 30 min. The mixture was then dialyzed against stepwise decreasing concentrations of urea from 6 to 0 M. The remaining apo form was removed by ultracentrifugation at 90;000 Â g for 20 min at 4 C. Introduction of hemin to recombinant Mb was verified by Soret band absorbance at 405 nm.
Purification of native Mb. Mb was purified essentially as reported previously. 18) Briefly, the dark (slow Table 1 . Sequence of Primers Used for PCR Primer Sequence
skeletal) muscle was extracted with 2 volumes of distilled water. After centrifugation, the filtrate was subjected to ammonium sulfate fractionation in the range of 50-80% saturation. The precipitate was dissolved in a small amount of water and dialyzed overnight against 50 mM Tris-phosphate (pH 8.0). The dialyzate was applied to gel filtration using a Sephadex G-100 column (26 mm Â 100 cm; Amersham Biosciences), equilibrated with 50 mM Tris-HCl (pH 8.0), at a flow rate of 60 ml/h. The elution patterns of Mb were monitored by absorbance at 280 and 540 nm.
Temperature dependency of -helical contents. Changes in the -helical contents of recombinant Mbs were measured by CD, and compared with those of native Mbs. CD measurement was carried out with a J-700W spectropolarimeter (JASCO, Tokyo) using a 0.2 mm water-jacketed cylindrical cell in a temperature range of C with an increment of 5 C (10-40 C for recombinant Mb and 10-60 C for native Mb) or 2.5 C (40-85 C for recombinant Mb and 60-85 C for native Mb). The concentration of Mb was adjusted to 200 mg/ml in 10 mM Na-phosphate (pH 7.0) containing 150 mM KCl. Wavelength for measurement was in the range of 240-195 nm. The determination of -helical content was performed according to Yang et al.
27)
Effect of denaturant concentration on Soret band absorbance. The Soret band absorbance of Mb was measured as an index of denaturation as follows. Concentrations of urea and GdnHCl were adjusted in a range of 0-6.49 and 0-2.5 M, respectively, by adding 30 ml aliquots of 10 M urea and 20 ml aliquots of 6 M GdnHCl for 700 and 600 ml, respectively of Mb solution in 10 mM Na-phosphate (pH 7.0) containing 150 mM KCl. After the mixture was incubated at 25 C for 5 min, the absorbances at 417 nm (for native Mbs) and 405 nm (for recombinant Mbs) were measured in triplicate. The protein concentration was in the range of 0.1-0.25 mg/ml.
Free energy for denaturation (ÁG D ) was calculated by the following equations:
where K D is the equilibrium constant in denaturation, E N and E D stand for the molar extinction coefficients of protein in the native and denatured states, respectively, and E obs is the observed molar extinction coefficient of the protein transition between the native and denatured states; and
where R is the gas constant (1.987 calÁdeg À1 Ámol À1 ) and Table 1 for the nucleotide sequences of the 5 0 and 3 0 primers.
T is the absolute temperature. The intrinsic value for ÁG D of Mb was obtained using the linear correlation between the value of ÁG D and the denaturant concentration. Therefore, the free energy stability of protein in the absence of denaturant was calculated by the following equation: Other analytical methods. Alignment of amino acid sequences of bluefin tuna Mb was performed using the ClustalW program, 28) with those of the two other fish species used for the present study and sperm whale as a control. DDBJ/EMBL/GenBank accession nos. for the cited sequences are as follows: bluefin tuna, AF291831; 29) bigeye tuna, AB104433; 18) bullet tuna, AB154423; 19) and sperm whale, J03566. 20) The molecular weights and purities of recombinant and native Mbs were estimated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and matrixassisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry. SDS-PAGE was performed by the method of Laemmli, 30) using 17.5% gel. The standard molecular weight marker kit used was SDS-7 (Sigma). MALDI-TOF mass spectrometry was performed using a Voyager DE-STR (Applied Biosystems). Sinapinic acid (Sigma) was used as a matrix. The protein concentration was determined with a BCA Protein Assay Kit (Pierce, Rockford, IL), according to the manufacturer's protocol using horse Mb (Sigma) as a standard.
Results

Expression and purification of recombinant Mbs
The expression and purification processes of recombinant bluefin tuna Mb are shown as an example (Fig. 2) . GST was fused to the N-terminus of Mb. Expression of GST fusion protein and GST was recognized after induction with IPTG as the bands of about 42 and 26 kDa on the SDS gel (Fig. 2, lane 2) . GST fusion protein was expressed mainly in the soluble fraction, as demonstrated by the SDS-PAGE patterns of the precipitate and supernatant of the sonicate after ultracentrifugation (Fig. 2, lanes 4 and 5) . After purification with a GST affinity column (lane 6), the fusion protein was cleaved with thrombin, producing a band corresponding to Mb of about 15 kDa (lane 7). The mobility was the same as that of native Mb (lane 11). Elimination of the remaining fusion protein and GST using the affinity column was repeated twice to obtain the recombinant Mb of high purity, and as a result, a clear single band was recognized (lane 9). Finally, thrombin was removed with a Benzamidine Sepharose 6B column, and the purified recombinant Mb (lane 10) was used for the subsequent experiments. Figure 3 shows a mass spectrum of purified recombinant bluefin tuna Mb. The peak corresponding to Mb was recognized at m=z 15775.2, whereas peaks corresponding to GST fusion protein and GST, respectively (Fig. 2) were hardly detected.
The Soret band absorbance of bluefin tuna recombinant Mb was slightly recognized when the purification was achieved without the addition of hemin (Fig. 4A,  spectrum 2 ). After incubation with hemin, Soret band absorbance increased markedly (Fig. 4A, spectrum 3 ), but its intensity was still lower than that of native Mb (Fig. 4A, spectrum 1) . After further treatment with hemin, the absorbance increased to a similar level to that of native Mb (Fig. 4A, spectrum 4) . Through these steps, the mean residue ellipticity at 222 nm (½ 222 ) at 10 C was reduced from À12;500 to À13;200, and further to À13;900 (Fig. 4B, spectra 5, 6 , and 7, respectively), and thus the -helical content increased from 31.3 to 33.0%, and finally to 34.8%.
On the other hand, recombinant Mbs of bigeye tuna M, markers (SDS-7); 1, before induction; 2, after induction with 1 mM IPTG at 30 C for 6 h; 3, after sonication; 4, precipitate of ultracentrifugation at 12;000 Â g; 5, supernatant of ultracentrifugation; 6, after affinity purification using a GSTrap column; 7, after digestion with thrombin; 8, after the first GSTrap treatment; 9, after the second GSTrap treatment; 10, purified recombinant Mb using a Benzamidine Sepharose 6B column; 11, Mb purified from dark muscle of bluefin tuna. 17.5% gel. Five micrograms of protein was applied to each lane. and bullet tuna were also purified by the same method as described above (Fig. 5) , and used for the subsequent experiments together with the native Mbs purified from the respective slow muscles.
Temperature dependency of -helical contents
The ½ 222 values of recombinant and native Mbs increased as the temperature was raised (Fig. 6) . TheHelical content for bullet tuna recombinant Mb at 10 C was the lowest (29.0%) among the three recombinant Mbs (34.8% for bluefin tuna Mb and 35.5% for bigeye tuna Mb). Bluefin tuna and bigeye tuna recombinant Mbs showed similar temperature dependency onhelical contents. On the other hand, the helical contents of recombinant Mbs were low when compared with those of native Mbs (Fig. 6) . But a steep decline in the higher temperature range was observed in the helical contents of native Mbs, whereas recombinant Mbs featured a gradual decline in the lower temperature range. The T m values obtained from Fig. 6 are given in Table 2 . In the case of Mb, heat denaturation is irreversible as observed in DSC studies. The mass-to-charge ratio (m=z) is indicated above the peak. Arrows indicate the predicted locations of detection of GST and GST fusion protein. The matrix used was sinapinic acid. 
Effect of denaturant concentration on Soret band absorbance
Both in the presence of urea and GdnHCl, the denaturation curves of native and recombinant Mbs showed the sigmoidal (cooperative) shapes. According to a report by Luo and Baldwin, 22) the data obtained were fitted to the two-state equation. Native Mbs of bigeye tuna (ÀÁG 0 H 2 O , 4.89 kcal/mol) and bullet tuna (4.91 kcal/mol) were found to exhibit nearly the same behavior against urea (Fig. 7A and Table 3 ). Bluefin tuna native Mb showed the highest stability (5.22 kcal/ mol) of all the Mbs examined. On the other hand, the stabilities of recombinant Mbs of bluefin tuna (3.65 kcal/mol) and bigeye tuna (3.74 kcal/mol) against urea were found to be similar, and bullet tuna recombinant Mb (3.15 kcal/mol) showed the lowest stability ( Fig. 7B and Table 3 ). As for the features of stabilities against GdnHCl, a similar tendency was observed as in the presence of urea (Fig. 8 and Table 4 ). On the other hand, a gradual decline in Soret band absorbance, as observed in the recombinant Mbs, was distinct from the steep decline observed for native Mbs in the range of low denaturant concentration. In the present study, CD spectra measurement in the presence of denaturants was omitted, because the concentration dependencies of the molar ellipticitiy and Soret band absorbance of Mb are quite similar. 
Discussion
Alignment of the amino acid sequences of scombridae fish Mbs and sperm whale Mb is shown for reference in Fig. 9 . The amino acid sequences of bluefin tuna and bigeye tuna Mbs were found to be the same, though the nucleotide sequences of the coding region showed 99.8% identity. On the other hand, there are many substitutions in bullet tuna Mb along almost the entire length of the molecule. Some of these are considered to be responsible for the lower stability of bullet tuna Mb than those of other species.
Expression of recombinant Mb as a GST fusion protein, using pGEX-2T expression vector, was successfully achieved for the first time for fish Mb. In this method, the GST fusion protein was expressed mainly in the soluble fraction, although sperm whale recombinant Mb expressed with pT7-7 vector at 42 C was contained in inclusion bodies. 31) Successful expression in the soluble fraction was perhaps attained by a mild incubation temperature (30 C) and by expression as a GST fusion protein, which has not been reported to date for recombinant Mbs. Elimination of the remaining (uncut) fusion protein and GST was possible by repetition of GST affinity chromatography.
The mass spectrum of purified recombinant bluefin tuna Mb also indicated that the above purification method was sufficient to obtain highly pure recombinant Mb. On the other hand, the actual value of the mass-tocharge ratio (m=z 15775.2) nearly matched the theoretical value (m=z 15773.5). Since additional glycine and serine are present at the N-terminus of recombinant Mb, the measured mass of the recombinant Mb exhibited the expected molecular weight.
Soret band absorbance at 405 nm was slightly recognized when purification was achieved without hemin treatment (Fig. 4A, spectrum 2 ). This might be caused by recruitment of hemin from E. coli, but the level of Soret band absorbance was still much lower than that of native Mb (Fig. 4A, spectrum 1) . Furthermore, degradation of recombinant Mb was observed during the purification process (data not shown). Thus, hemin was added to the culture medium, and treatment with hemin was performed during the subsequent purification procedures. As a result, the level of Soret band absorbance increased to a similar level to that of native Mb (Fig. 4A, spectrum 4) . This suggests that added hemin was introduced to the recombinant Mb stoichiometrically to nearly 1 mol/mol of Mb. As a result, the ½ 222 value decreased from À12;500 to À13;900 (Fig. 4B) , and the -helical content increased from 31.3 to 34.8%. Such increments are thought to be caused by promotion of proper folding by hemin induction, resulting in a native-like tertiary structure. The changes in secondary structure account for the difference in stability between apo and holo forms of recombinant Mb. In this connection, Breslow et al. 32) found that the -helical contents of sperm whale apoMb were lower than those of holoMb. The stabilities of the apo form of sperm whale and horse Mbs were lower than those of the holo form. 33, 34) The results obtained in this study are comparable to these reports, suggesting that the presence of hemin was also important for proper folding and stabilization of fish Mbs.
It was also found that the -helical content of bullet tuna Mb at 10 C was the lowest (29.0%) among the recombinant Mbs examined (bluefin tuna, 34.8%; bigeye tuna, 35.5%) (Fig. 6) . The temperature dependencies of bluefin tuna and bigeye tuna recombinant Mbs were similar to but slightly different from each other. Though the deduced amino acid sequences of these two Mbs are the same (Fig. 9) , 18) the minor difference in the nucleotide sequence might have caused substitution(s) of amino acid in these recombinant Mbs in the present expression system, though such a case has not been found so far in vertebrates. Post-translational modifications do not take place in the prokaryote E. coli expression system, suggesting that very similar tertiary structures were formed for such recombinant Mbs. On the other hand, the T m values were different between bluefin tuna and bigeye tuna native Mbs, suggesting a difference in post-translational modifications between the two.
18) The recombinant Mbs of these fish species behaved in a similar manner to those of the respective native Mbs as described above, though the reason remained unclear.
The -Helical contents of recombinant Mbs were lower than those of native Mbs (Fig. 6) , but a steep decline in -helical contents was observed in higher temperature ranges for native Mbs, whereas recombinant Mbs featured a slight decline even under low temperature. These behaviors of recombinant Mbs were similar to that of the molten globule state which does not exhibit cooperative temperature denaturation. 22) These results suggest that folding of recombinant Mbs proceeded very slowly, and was incomplete, causing low thermostability, but incomplete folding was compensated for by the addition of hemin to the culture medium, and even after purification of the recombinant protein. It is also likely that post-translational modifications such as acetylation of the N-terminus are involved in such stability differences.
Similar stabilities against denaturants were observed for bigeye tuna and bullet tuna native Mbs, whereas bluefin tuna native Mb showed the highest stability of all the Mbs examined (Figs. 7 and 8, Tables 3 and 4) . These results coincide with those of the DSC measurement in our previous study, 18) in which the T m values of bluefin tuna, bigeye tuna, and bullet tuna native Mbs were 78.6, 75.7, and 75.0 C, respectively. The T m values in Table 2 support such stability differences. However, in the case of recombinants, the stability of bullet tuna Mb was clearly low, but those of bluefin tuna and bigeye tuna Mbs showed similar tendencies. Such tendencies are to be expected because the deduced amino acid sequences of bluefin tuna and bigeye tuna Mbs were the same. These differences between the native and recombinant Mbs could have been caused by post-translational modifications, which cannot be expected solely from the deduced amino acid sequences described above. On the other hand, the stabilities of recombinant Mbs were lower than those of native Mbs, suggesting that the tertiary structures of recombinant Mbs were partially loosened. As described above, folding of myoglobin was facilitated in the presence of hemin. If hemin was available at the spot of Mb synthesis, the recombinant Mbs might also have been folded to the right structure. Although the cells were cultured in the presence of hemin, it is likely that a sufficient amount of the pigment was not incorporated into the cells. Instead, the hemin was bound to the partially folded recombinant proteins when the cells were disrupted. It was thus suggested that hemin is indispensable at the initial stage of Mb folding.
Point mutation studies are in progress to identify the residues responsible for the stability differences among fish Mbs.
